Metabolic hotspots at land-water interfaces are important in supporting biogeochemical processes. Here we confirm the generality of land-aquatic interfaces as biogeochemical hot spots by extending this concept to marine beach cast materials. In situ atmospheric pCO 2, from a respiration chamber (10 cm in diameter and 20 cm high) inserted into wrack deposits, was determined using a high-precision (±1 ppm) non-dispersive infrared gas analyzer (EGM-4, PP-systems) at 1 minute recording intervals. The wrack deposits supported high metabolic activities, with CO 2 fluxes averaging (±SE) 6.62 ± 0.88 lmol C m )2 s )1 , compared to median
ABSTRACT
Metabolic hotspots at land-water interfaces are important in supporting biogeochemical processes. Here we confirm the generality of land-aquatic interfaces as biogeochemical hot spots by extending this concept to marine beach cast materials. In situ atmospheric pCO 2, from a respiration chamber (10 cm in diameter and 20 cm high) inserted into wrack deposits, was determined using a high-precision (±1 ppm) non-dispersive infrared gas analyzer (EGM-4, PP-systems) at 1 minute recording intervals. The wrack deposits supported high metabolic activities, with CO 2 fluxes averaging (±SE) 6.62 ± 0.88 lmol C m ) for bare sand adjacent to deposits. Wrack metabolic rates ranged 40-fold across beaches, from a minimum of 0.57 ± 0.22 lmol C m )2 s )1 to a maximum of 20.8 ± 5.04 lmol C m )2 s )1 , both derived from beaches with deposits dominated by Sargassum. Rates tended to increase significantly (F test, P < 0.05) from the shoreline to reach maximum rates at about 10 m from the shoreline, declining sharply further from the shoreline, and increased with increasing thickness of the deposits (maximum about 10 cm deep), declining for thicker deposits. Wrack differing in composition had similar metabolic rates, although deposits consisting of a mixture of seagrass and algae tended to show somewhat higher rates. Our results show a meter square of wrack deposit supports a metabolic rate equivalent to that supported by 3 m 2 of living seagrass or macroalgal habitat. In wrack, the marine environment provides organic material and moisture and the land environment provides oxygen to render wrack ecosystems an efficient metabolic reactor. Intense wrack metabolism should also be conducive to organismal growth by supporting the development of a cryptic, but diverse wrackbased food web.
INTRODUCTION
Interfaces between terrestrial and aquatic ecosystems have been identified as biogeochemical hot spots in the biosphere (McClain and others 2003) . Biogeochemical hot spots are defined as ''patches that show disproportionately high reaction rates relative to the surrounding matrix'' (McClain and others 2003) . Reasons for the high reactivity of land-water interfaces is unclear, but it has been argued to involve, among other factors, the convergence of essential resources and elements to support intense biogeochemical processes. Hot metabolic interfaces at land-water interfaces can be so important in supporting biogeochemical processes in the landscapes that the research into these hot spots has been considered one of the priorities and grand challenges for environmental science (McClain and others 2003) . Whereas much research has been conducted at river-land interfaces (Ballinger and Lake 2006) , the concept is yet to be tested for other land-water interfaces, such as beaches and coastlines. The ensuing research agenda includes the identification of the spatial distribution of hot spots.
In parallel to this debate, land-ocean interfaces have been recognized to be particularly important in connecting marine and terrestrial food webs, particularly where highly-productive marine ecosystems are juxtaposed against low-productivity terrestrial environments (Polis and Hurd 1996a) . Research on marine-terrestrial links along the coastal zone has focused, however, on trophic transferences of marine-derived materials (for example, marine macrodetritus, otherwise termed wrack, and seabird guano) to terrestrial food webs Hurd 1995, 1996a, b; Anderson and Polis 1998) , but the biogeochemical processes occurring at these interfaces have not received much attention to date. Yet, examination of the biogeochemical processes associated with beach wrack is essential to determine the fate of these materials, and thus the role of marine subsidies in coastal terrestrial ecosystems. One key process is community respiration, which integrates the use of the wrack material in supporting the basic metabolism processes of the associated food web. Indeed, community respiration measurements have been argued to provide the best index of the flow of organic matter in ecosystems (Williams and del Giorgo 2005). However, the respiration rates supported by wrack deposits have not been assessed as yet. Intense respiration would reveal an active metabolic role of wrack material, whereas low respiration rates would suggest that the material accumulated along the beach has a largely structural role.
Marine macrodetritus that accumulates along beaches is an important component of the flow of nutrients and carbon that can occur from marine to terrestrial systems. Beaches around the world often accumulate sizeable stocks of this marine detritus, commonly referred to as wrack. Wrack deposits can include materials such as detached macroalgae and seagrass, and animal derived materials, such as carrion and waste products (Figure 1 ). Accumulations can reach up to 500 kg of dry wt m )1 of shoreline (for example, Mateo and others 2003) . Wrack deposits are highly dynamic and heterogenous, and the size and nature of deposits can differ greatly over space (for example, Ochieng and Erftemeijer 1999; Wells 2002) . Variation in composition and volume can occur at both small (meters-within beaches) and larger scale (kilometres-among beaches). Wrack can experience periods of wetting through tidal inundation and be redistributed locally by wave and wind action. These dynamics are superimposed on the strong environmental gradients characterizing the beach environment (Wood and Bjorndal 2000) , where the temperature, salinity and moisture content of wrack can vary widely across the beach. Gradients in beach conditions are most intense across the shore (Wood and Bjorndal 2000) , suggesting that the dynamics of wrack deposits may vary greatly with distance to the water's edge. In addition, the thickness of wrack deposits, which has insulating properties (Kirkman and Kendrick 1997) , can also affect the temperature and moisture of the materials, which can in turn, affect metabolic rates and carbon processing. Despite the dynamic nature of wrack habitats, they have been reported to support abundant populations of insects and arachnids (for example, Polis and Hurd 1995; Anderson and Polis 1998; Ochieng and Erftemeijer 1999) . Deposits play an important role in supporting terrestrial food webs particularly where highly productive marine ecosystems are adjacent to semi-arid environments, as in the islands of the Gulf of California (Anderson and Polis 1998; Stapp and Polis 2003) . These studies have, however, focused on faunal aspects, and the metabolism of the community thriving on these materials, which is likely to be dominated by microbes and protists, has not yet been addressed. Here we confirm the generality of land-aquatic interfaces as biogeochemical hot spots by extending this concept to beach cast materials, and show, on the basis of a comparison of in situ respiratory CO 2 fluxes on beach cast material from 16 beaches, these interfaces rank amongst the most metabolically-active ecosystems yet investigated. We further describe how differences in the composition of the materials, the thickness of the deposits, and the location relative to the shoreline affects the high rates otherwise supported at these interfaces.
METHODS
Estimates of CO 2 fluxes from wrack deposits were obtained in 16 beaches along SW Australia (Figure 2) during the late spring (November) 2006. Sites ranged from the most northerly in the Jurien Bay region (semi-arid) to further south in the Rockingham area, Western Australia (Mediterranean climate). The adjacent terrestrial habitat is characterised by nutrient-poor sandy soils, and vegetation is dominated by coastal dune scrub (Beard 1990) . The low productivity terrestrial system abuts highly productive marine habitats dominated by mixed-seagrass beds and macroalgal communities (Kirkman and Walker 1989; Walker 1989 Walker , 2000 Walker , 2003 . Tidal range in the region is slight, with the maximum range rarely greater than 0.7 m. There are distinct semidiurnal tides, with two highs and two lows occurring on most days (Hodgkin and DiLollo 1958) . The main criterion for site selection was that beaches had sufficient wrack deposits (that is, some wrack visible on the sand) to allow investigation of the rates of CO 2 flux. This criterion was satisfied by most of the beaches visited, and only on Rottnest Island were some beaches apparently devoid of wrack deposits. The beaches investigated varied greatly in size, from small-pocket beaches only a few hundred meters in length, to beaches extending along tens of kilometers; exposure, from beaches sheltered by reefs and short fetch to highly exposed beaches; and human frequentation, from remote beaches on protected, uninhabited islands to semi-urban beaches. Beach materials were, however, similar, comprising of carbonate sand.
Determination of atmospheric pCO 2 was performed using a high-precision (±1 ppm) non-dispersive infrared gas analyzer (EGM-4, PP-systems) at one minute recording intervals. Before entering the gas analyzer, the gas stream was circulated through a calcium sulfate column to avoid interference from water vapor. This system includes a purpose built PVC cylindrical respiration chamber (volume 1571 cm 3 , cover area 78.5 cm 2 ). The CO 2 increase within the chamber was monitored over 6-12 minutes for each experiment. Measurement of CO 2 flux was based on the rate of accumulation of CO 2 in a closed chamber inserted into the wrack material, following standard procedures to measure soil respiration (Ryan and Law 2005) , and were similar to those used by Jones and others (2006) to measure soil respiration rates. The bottom edge of the chamber was sharpened to allow it to slice through the wrack deposits when it was being inserted. Measurements of CO 2 flux of the wrack were taken at various times of the day, ranging from early morning until early afternoon. We did not standardize the timing of the measurements during the day as we were not attempting to calculate a carbon budget for the wrack, but were trying to determine whether the wrack material was metabolically active. The tide had to be sufficiently low to allow access to the entire wrack accumulations along each beach, thus timing of the measurements generally coincided with low tide.
To take CO 2 flux measurements, the chamber was inserted through the wrack deposits to the underlying sand where deposits were less than 10 cm deep or up to 10 cm where deposits were deeper. This was done by applying pressure to the top of the chamber and using the sharpened edge of the chamber to slice through the wrack material. In the few instances where wrack pieces were particularly large or tough (for example, with Ecklonia radiata (C. Ag.) J. Ag.), we used a knife to slice through the wrack around the outside of the chamber. The chamber was covered by aluminium foil to minimize heating of the air within the chamber when measurements were being made. Placement of the chamber in the wrack was made at haphazard locations across each beach. The distance of the chamber from the water's edge at low tide was determined using a tape measure, and the location of the chamber across the wrack deposit was also recorded according to one of three categories relative to the low tide water level ('water's edge' $ most seaward extreme, 'middle' or 'back' $ most landward extreme of wrack deposit). Air and wrack temperature were measured using mercury thermometers. Height of wrack within the chamber and depth of the wrack deposit at the site of each experiment were measured using a steel ruler. Composition of the wrack deposits (dominated by macroalgae, by seagrass or a mixed algae-seagrass deposit) was also recorded. Between three and nine experiments were conducted along each beach depending upon the size of wrack deposits (see Table 1 for site specific sample size). Replicate experiments within each beach were made for a period of up to 12 minutes, with the mean length of measurements occurring over a period of 9 minutes per experiment. Each beach ecosystem was occupied from 0.5 to 2.6 h in total to conduct the different replicated experiments. Calculations of wrack metabolic rates (lmol C m )2 s )1 ) incorporated data generated by the gas analyzer (atmospheric pCO 2 and barometric pressure) and measurements made of the height of the column (head space in the chamber) and air temperatures.
Statistical Analyses
Analyses of variance (ANOVA) were used to test for differences in metabolic rates (lmol C m )2 s )1 ) of wrack deposits, with location (water's edge, middle and back) and wrack composition (deposits dominated by macroalgae, seagrass or mixed seagrassalgae) as independent variables. Because these variables may affect wrack respiration rates simultaneously, the significance of individual wrack properties in the ANOVA test may be masked by hidden variability with other properties, such as position across the wrack. To separate and account for these simultaneous effects, a general linear model analysis (GLM) was used to assess the sources of variance in metabolic rates of the beach wrack. Distance from shore, thickness of deposits and wrack composition were the factors. Composition was coded, for the GLM analysis, as a categorical, dummy variable with three possible values. A regression analysis was used to investigate the insulating properties of wrack by examining the relationship between overlying air and wrack temperatures (°C). All statistical analyses were conducted using the software package JMPä.
RESULTS
The beaches differed greatly in the extent of wrack deposits, from small deposits confirming a narrow belt to those extending tens of meters across the beach, their thickness, from 2.7 to 22 cm thick on average, and the relative contribution of algae and seagrass detritus (Table 1) . Seagrass detrital materials were dominated by either Posidonia australis Hook. f. or Amphibolis antarctica (Labill.) Sonder & Aschers. ex Aschers.and A. griffithii Black den Hartog leaves and stems, depending on the beach, with occasional contributions of other species, including Halophila spp., Syringodium isoetifolium (Aschers.) Dandy, and Zostera tasmanica G. Martens ex Aschers. and algae materials were dominated by Sargassum spp., and included red coralline algae and Ecklonia radiata ( Table 1 ). The temperature inside the wrack was buffered by the insulation properties of the wrack material, particularly where the thickness of the deposits exceeded 5 cm (Table 1 ). The insulating properties of wrack were clearly indicated by the comparison of temperature within the wrack and overlying air, that showed that wrack temperature changed only 0.28°C (±0.08 SE) for each degree the overlying air temperature changed (linear regression analysis, P = 0.0013), with wrack being warmer than air at the lowest air temperatures in our study (21°C) and cooler than air at the highest air temperatures (32°C). > is greater than 60%, >> is greater than 90%.
The wrack deposits supported high metabolic activities, as reflected in CO 2 fluxes averaging (±SE) 6.62 ± 0.88 lmol C m )2 s )1 , compared to median value of 0.98 lmol C m )2 s )1 for bare sand adjacent to the deposits. However, some bare sand areas sampled showed relatively high rates (maximum 7.50 lmol C m )2 s )1 ), probably because they contained some finer wrack mixed in with the sand. Wrack metabolic rates ranged 40-fold across beaches, from a minimum of 0.57 ± 0.22 lmol C m )2 s )1 to a maximum of 20.8 ± 5.04 lmol C m )2 s )1 , both derived from beaches with deposits dominated by Sargassum (Table 1 ). There was considerable variability in the metabolic rates supported by the wrack within any single beach, with the coefficient of variation for replicate measurements at haphazardly selected sites averaging 64%. Some of the within-beach variability was accounted for by the distance of the deposits from the shoreline, as the average metabolic rates tended to increase significantly (F test, P < 0.05) from the shoreline (water's edge) to reach maximum rates at about 10 m (middle), to then decline sharply further from the shoreline (back; Figure 3 ). In addition, the average metabolic rates tended to increase with increasing thickness of the deposits to reach a maximum for deposits about 10 cm deep, declining for thicker deposits (Figure 4 ). There was no significant relationship (F test, P = 0.24) between the contribution of different sources of materials to the deposits and the metabolic rates, although deposits consisting of a mixture of seagrass and algae tended to show somewhat higher metabolic rates (Figure 5) . However, all of these factors possibly regulating respiratory CO 2 fluxes changed simultaneously across the data set, so that the power of single-factor tests to resolve the significance of their effects may be masked by error introduced by concurrent variability in different controlling factors. Indeed, a general liner model analysis showed that the distance from the shore, the thickness of the deposits, and the sources of the materials (wrack composition) are significant sources of variance in the metabolic rates of the beach deposits (Table 2) .
DISCUSSION
The results presented show that wrack deposits are metabolically very active, supporting intense CO 2 fluxes, but these vary greatly within and among beaches. Our results showed that differences in the source of materials (wrack composition) are conducive to significant differences in rates, with deposits consisting of mixed seagrass and macroalgae being more reactive than those dominated by either of these components. The trend towards increased metabolism from the water's edge to about 10 m up the beach (middle) and sharp decline at further distances (back) can be interpreted as a proxy for a sequence of age and conditioning of the material, which enters the beach from the sea and is transported up the beach in progressive pulses due to storms and wind action. This interpretation of the distance from the water's edge as an age sequence is supported by the observations of faunal development in the wrack, with the materials closer to the beach colonized largely by marine invertebrates (amphipods), and a progressive increase in terrestrial faunal components (dipterans, arachnids, annelids, and so on) up the beach. However, the distance from the water's edge could not be standardized to mean low water level due to the lack of detailed tide gauge information at each of the study sites, which probably leads to an underestimation of the role of position of the wrack relative to the distance from the water. Further examinations should consider incorporating detailed tide gauge information to more accurately account for the distance from the water's edge.
Wrack material nearest to the shore is saturated with seawater at the base, being moist at intermediate distances and very dry upslope. Estimates of the density of the wrack deposits show that they are highly porous, containing about 20-40% air space. Much of these interstices would be filled with water near the beach, precluding aeration, possibly rendering the materials anaerobic during much of the day, and-together with the fresher nature of the materials-account for the lower metabolic rates. The conditions are optimal to support metabolism at a distance of about 10 m (middle), where the material is still moist, providing the water required to support metabolic demands, and the air within the interstices supplies ample oxygen to support efficient aerobic metabolism.
A comparison between the metabolic rates of the wrack communities investigated here and metabolic rates of soil communities in major land biomes identifies wrack communities as metabolic hot spots ( Figure 6 ). Beach wrack supported respiration rates twice as high as that of tropical rain forests, which have the most metabolically active soils among terrestrial biomes, rates three times as . Variability in CO 2 efflux (mean ± SE) from beach wrack deposits differing in composition (for information on wrack composition at each beach refer to Table 1 ).
high as those of Mediterranean heath, the vegetation dominant in the land ecosystems adjacent to the beaches (Raich and Schlesinger 1992) . In addition, wrack deposits supported respiration rates well in excess of those typically supported by the extant communities (seagrass and macroalgal habitats) where the materials originate ( Figure 6 ). Our results show a meter square of wrack deposit supports a metabolic rate equivalent to that supported by 3 m 2 of living seagrass or macroalgal habitat (Duarte and others 2005) (Figure 6 ). Wrack metabolic rates were also markedly higher than those from a sandy beach (Spilmont and others 2005) (Figure 6 ). The bare sand areas sampled in this study showed rates considerably higher than those in Spilmont and others (2005) probably because the bare sand sampled in this study contained some finer wrack mixed in with the sand. Our estimates of CO 2 fluxes from wrack were made during late spring. Estimates from Duarte and others (2005) are a combination of point measurements and annual averages. Many of the estimates from other terrestrial systems provided by Raich and Schlesinger (1992) were made over 1 year, whereas Spilmont and others (2005) made their 'sandy beach' habitat measurements over 3 years. As such, flux estimates reported in Raich and Schlesinger (1992) and by Spilmont and others (2005) are likely to take into account seasonal variation in CO 2 flux.
The results presented confirm that the wrack deposits are metabolic hot spots and provide additional support for the case, largely derived from observations of river-land interfaces, of land-water interfaces as being biogeochemical hot spots (McClain and others 2003) . The explanation that this role of interfaces relies on the convergence of critical resources from both the land and aquatic biomes (McClain and others 2003) , also applies to the case of wrack. The land areas investigated here are semi-arid where metabolic rates are constrained by low humidity (Leeper 1970; Beard 1990 ). This semi-arid land is juxtaposed against highly productive coastal waters, supporting some of the most Figure 6 . Mean ± SE CO 2 efflux rates from various communities, including soil communities from various terrestrial biomes (from Raich and Schlesinger 1992) , estimates from seagrass and macroalgal communities (Duarte and others 2005) and estimates from a 'sandy beach' habitat (Spilmont and others 2005) . Note in the figure labels, superscript letters a refers to results from this study, b refers to results from Duarte and others (2005) , c refers to results from Spilmont and others (2005) . Remaining results are from Raich and Schlesinger (1992) . Estimates of CO 2 efflux from seagrass and macroalgal communities (Duarte and others 2005) are derived from vegetated sediments, consequently fluxes from plant debris are incorporated into CO 2 flux estimates. To measure CO 2 efflux from 'sandy beaches', Spilmont and others (2005) enclosed sediment, phyto-and zoobenthos to provide estimates for the beach sediment community as a whole. CO 2 efflux estimates in the Raich and Schlesinger (1992) paper incorporated estimates from 171 studies, as such it is not possible to make generalizations regarding whether leaf litter (analogous to beach wrack) was incorporation into the sediment flux estimates.
productive seagrass and macroalgal ecosystems on Earth (Kirkman and Walker 1989; Walker 1989 Walker , 2000 Walker , 2003 . Marine detritus stranded on the beach provides labile organic matter as well as humid, hygroscopic materials, able to retain humidity and isolate the internal environment within the wrack from temperature extremes and aeolian desiccation. Indeed, wrack material has been used by humans as insulation material, to maintain moisture in agricultural fields (mulch) and insulate houses (Kirkman and Kendrick 1997) , so the insulation properties of, particularly, seagrass-derived wrack are well documented. In addition, metabolic rates can be limited by oxygen supply in the marine environment, as sediments in highly productive seagrass meadows are often anoxic (Penhale and Wetzel 1983; Holmer and others 2001) . The oxygen provided by air circulation through the interstices of the wrack helps realize the high potential metabolic rates the organic materials can support. Hence, the marine environment provides organic material and moisture and the land environment provides oxygen to render wrack ecosystems an efficient metabolic reactor. Whereas we have assessed here CO 2 fluxes, the intense metabolism supported by the wrack should also be conducive to organismal growth and lay down the conditions for the development of a cryptic, but diverse and lush, food web, another trait of land-ocean interfaces (Polis and Hurd 1996a) .
